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1 .o INTRODUCTION 
1.1 General  Discuss ion 
The Mars Atmospheric Water D e t e c t i o n  (MAWD) Spectrophotometer  i s  an i n s t r u m e n t  
package planned f o r  t h e  Viking O r b i t e r  S p a c e c r a f t .  To perform i t s  r a d i o m e t r i c  
measurements p r o p e r l y ,  t h i s  spectrophotometer  must have h i g h  wavelength  
r e s o l u t i o n  and accuracy,  and h i g h  photometr ic  accuracy  w h i l e  s t i l l  be ing  
l i g h t  i n  weight  and having a  r e l a t i v e l y  smal l  volume. 
An e a r l i e r  o p t i c a l  des ign  s t u d y  of t h e  MAWD Spectrophotometer  was conducted 
by Beckman Ins t ruments ,  I n c . ,  under Cont rac t  No. 952552 t o  J e t  P ropu ls ion  
Labora to ry .  I n  t h a t  s tudy ,  a  number of c a n d i d a t e  spectrophotometer  d e s i g n s  
were analyzed and a r e  desc r ibed  i n  t h e  Pre l iminary  Report  ( I ) .  The f i n a l  
o p t i c a l  des ign  r e s u l t i n g  from t h a t  s t u d y  i s  d e s c r i b e d  i n  t h e  F i n a l  ~ e ~ o r t ( ~ ) .  
A spec t rophotomete r  based on t h e  o p t i c a l  des ign  of t h e  F i n a l  Report  has  s i n c e  
been b u i l t  and t e s t e d  a t  JPL. 
The p r e s e n t  o p t i c a l  des ign  s t u d y  which i s  d e t a i l e d  i n  t h i s  r e p o r t  i s  a  con- 
t i n u a t i o n  o f  t h e  MAWD Spectrophotometer o p t i c a l  des ign  desc r ibed  i n  t h e  
F i n a l  Report( '),  and h a s  been n e c e s s i t a t e d  by t h e  fo l lowing  new requ i rements :  
( 1 )  The f requency range has  been inc reased  more than two-fold ,  and 
t h i s  r e q u i r e s  new e n t r a n c e  s l i t  and d e t e c t i o n  l o c a t i o n s .  
( 2 )  The p r i s m a t i c  corner  r e f l e c t o r  of t h e  e a r l y  d e s i g n  i s  t o  be 
changed t o  two corner  m i r r o r s .  
(1) (2 )  See B i b l i o g r a p h y  a t  t he  end of  t h i s  r e p o r t ,  
( 3 )  The t e l e s c o p e  i s  t o  be changed from t h e  q u a r t z  s i n g l e t  l e n s  of t h e  
e a r l i e r  d e s i g n  t o  a  r e f l e c t i n g  t e l e s c o p e ,  
(4)  A scanning m i r r o r  i s  t o  be added. 
( 5 )  An o p t i c a l  system i s  t o  be added which p r o j e c t s  neon wavelength  
c a l i b r a t i o n  sources  i n t o  t h e  monochromator. 
(6)  An o p t i c a l  system is  t o  be added which p r o j e c t s  an i n t e n s i t y  
c a l i b r a t i o n  source  i n t o  t h e  monochromator. 
p ). The f i n a l  o p t i c a l  des ign  desc r ibed  i n  t h e  Cont rac t  No. 952552 F i n a l  Repor 1s a  
double-pass  monochromator w i t h  a  s i n g l e  pa rabo lo id  c o l l i m a t i n g  m i r r o r ,  and t h a t  
d e s i g n  i s  e s s e n t i a l l y  monochromator A of t h i s  r e p o r t .  The f i n a l  double-pass  
monochromator des ign  r e s u l t i n g  from t h e  p r e s e n t  des ign  s t u d y  i s  monochromator H,  
w i t h  s i x  o t h e r  double-pass monochromator v a r i a t i o n s ,  B ,  C ,  D ,  E ,  F, and G ,  be ing  
s t u d i e d  a l s o .  The performance c h a r a c t e r i s t i c s  o f  a l l  e i g h t  double-pass  mono- 
chromators ,  A through H, a r e  d e t a i l e d  i n  t h i s  r e p o r t .  It i s  f e l t  t h a t  such d a t a  
may be of a i d  i f  f u t u r e  des ign  m o d i f i c a t i o n s  a r e  r e q u i r e d .  As an added t a s k ,  
J P L  r e q u e s t e d  an  o p t i c a l  a n a l y s i s  of t h e  monochromator H c o n f i g u r a t i o n  per-  
formance when i t  i s  used i n  s i n g l e - p a s s  o p e r a t i o n .  This  s i n g l e - p a s s  mono- 
chromator  i s  monochromator J .  
T h i s  r e p o r t  c o n t a i n s  most of t h e  s i g n i f i c a n t  e n g i n e e r i n g  in.formation o b t a i n e d  
from t h e  computer r a y - t r a c e  s t u d i e s ,  and many t a b l e s  and f i g u r e s  w i t h  s p e c i a l i z e d  
t e rmino logy  a r e  used t o  accomplish t h i s .  Most of t h i s  terminology i s  d e f i n e d  i n  
S e c t i o n  2 ,  which i s  a  d e s c r i p t i o n  of the  r a y  t r a c e .  
The g o a l  of t h e  o p t i c a l  s t u d y  p resen ted  i n  t h i s  r e p o r t  i s  t o  a r r i v e  a t  an 
o p t i c a l  d e s i g n  f o r  t h e  MAWD Spectrophotometer which s a t i s f i e s  t h e  fo l lowing  
f i n a l  i n s t r u m e n t  performance s p e c i f i c a t i o n s .  These s p e c i f i c a t i o n s  i n c l u d e  
t h o s e  d e f i n e d  by J P L ,  both a t  the s t a r t  and d u r i n g  the  performance of the  
c o n t r a c t .  
1. The design t o  he based on the optical design presented in 
J P L ,  Contract No. 952552. 
2. A l l  op t i c s  s h a l l  be r e f l e c t i v e  where f e a s i b l e .  
3 .  The e n t r a n c e - s l i t  s i z e  s h a l l  be 0.25 mm wide x  3.0 mm high,  and the 
center  of the  3.0-mm height  s h a l l  be loca ted  a t  Yo = 3.5 mm, or  
3.5-mm above the  Zo-axis . 
4 .  Detector s e n s i t i v e  a reas  s h a l l  be 0.25-mm wide x 1.0-mm high,  and 
the center  of the 1.0-mm height  s h a l l  be located a t  Yo = 3.5 mm, 
or 3.5 mm above the Zo-axis. The d e t e c t o r s  a r e  loca ted  a t  t he  
following monochromator center  f requencies:  
i. 7223.12 em-' 
ii. 7226.14 cm-I 
iii . 7229.09 cm-I 
i v .  7232.12 cm'l 
5 .  A neon re ference  l i n e  whose center  frequency i s  a t  14427.14 cm- 1 
s h a l l  be used f o r  frequency c a l i b r a t i o n .  I t s  s p e c t r a l  image i s  t o  
be surrounded by four  c a l i b r a t i o n  de t ec to r s  which i n d i c a t e  any 
l a t e r a l  o r  v e r t i c a l  movement of the s p e c t r a l  image. 
6 .  The neon re ference  source s h a l l  have an o p t i c a l  system which f i l l s  
both the g r a t i n g  and the entrance s l i t  of the monochromator wi th  i t s  
r a d i a t i o n .  It i s  permissible  t o  use an a u x i l i a r y  en t rance  s l i t  f o r  
t h i s  source .  
7. The f ie ld-of-view def in ing  te lescope sha.11 have a foca l  length of 
approximately 125 -0  rnm. 
A t e l e s c o p e  scann ing  m i r r o r  s h a l l  r o t a t e  through an  a n g l e  which 
causes  t h e  f i e l d - o f - v i e w  t o  s c a n  21.5'. Nominal p o s i t i o n  of t h e  
f i e l d - o f - v i e w  i s  d e f i n e d  a s  a  l i n e  p a r a l l e l  t o  t h e  monochromator 
o p t i c a l  c e n t e r  l i n e .  
The i n t e n s i t y  c a l i b r a t i o n  s o u r c e  s h a l l  r o t a t e  through a s  s m a l l  an  
a n g l e  a s  p o s s i b l e ,  c u t t i n g  o f f  p l a n e t  r a d i a t i o n ,  t o  r e f l e c t  r a d i a -  
t i o n  from an i n t e n s i t y  c a l i b r a t i o n  s o u r c e  i n t o  t h e  t e l e s c o p e .  
The i n t e n s i t y  c a l i b r a t i o n  s o u r c e  s h a l l  have an  o p t i c a l  sys tem which 
uniformly f i l l s  bo th  t h e  g r a t i n g  and t h e  e n t r a n c e  s l i t  o f  t h e  mono- 
chromator.  
The monochromator c o l l i m a t i n g  m i r r o r  s h a l l  c o n t a i n  a  c e n t e r  h o l e  
s i z e d  t o  mask o f f  t h e  p r o j e c t e d  image of t h e  g r a t i n g  e n t r a n c e  h o l e .  
Determine t h e  s p e c t r a l  image s h i f t  i n  t h e  image p lane  due t o  d i s -  
placements of each o p t i c a l  e lement .  
Determine t h e  e f f e c t  of o p t i c a l  and mechanical  t o l e r a n c e s  of a l l  
o p t i c a l  e lements  t o  m a i n t a i n  image q u a l i t y  a t  t h e  e x i t  s l i t  w i t h i n  
a b e r r a t i o n s  a s  e v a l u a t e d .  
Perform an  i n v e s t i g a t i o n  of o p t i c a l  s t r u c t u r a l  s t a ~ b i l i t y  u s i n g  
l i g h t - w e i g h t  g r a t i n g  and p a r a b o l i c  m i r r o r  a s s e m b l i e s .  
Perform ins t rument  r a d i a n t  t r a n s f e r  c a l c u l a t i o n s ,  t a k i n g  i n t o  
account  l o s s e s  a t  each o p t i c a l  s u r f a c e .  
Provide t h e  formulae f o r  w a v e l e n g t h / p o s i t i o n  i n  t h e  f o c a l  p l a n e .  
2 .O RAY-TRACE DESCRIPTION 
The many computer ray-trace analyses which have been performed for this study 
are purely mathematical model-building procedures, wherein exact mathematical 
equations are used to express each optical surface and each light ray. Each 
optical surface is mathematically defined in a separate three-dimensional 
axis-system which may have any linear or angular orientation to its previous 
axis-system, and the light rays may have any orientation to these axis-systems. 
All mathematical calculations are exact since no mathematical approximations 
are required. The ray-trace computations and the eventual mathematical 
analysis of the ray patterns at any optical surface are performed by an 
IBM 360 Model 50 computer in double precision. The computed coordinate 
accuracy for each ray-surface intercept in its three-dimensional axis-system 
is given to an accuracy of low8 mm, and the computed direction cosine accuracy 
for each ray in its three-dimensional axis-system is given to an accuracy of 
directional cosine units. 
Table 1 defines those dimensional parameters which are necessary to every ray 
trace, and which are used to transform axis systems, descr.ibe surface shapes, 
etc. Table 2 defines the coordinates for the ray-surface intercepts and gives 
the terminology used for an image analysis at any surface. Table 3 defines 
the ray-direction cosines, and gives the terminology used for an angular image 
analysis. The "mathematical axis systems" which are occasionally used, 
facilitate in defining the orientation and location of the next axis system. 
The c o e f f i c i e n t s  and terminology l i s t e d  below a r e  requi red  t o  d i s c r e t e l y  
de f ine  each o p t i c a l  su r f ace  i n  i t s  own a x i s  system, and t o  d i s c r e t e l y  d e f i n e  
i t s  ax i s  system r e l a t i v e  t o  a l l  o the r  a x i s  systems. 
I. Each success ive  o p t i c a l  s u r f a c e  i n  any o p t i c a l  system must be def ined  
by a  s e p a r a t e  three-dimensional  and right-handed a x i s  system (X, Yn Zn) 
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which c a r r i e s  a  progress ive  s e t  of s u b s c r i p t s  which run  from 0 t o  n ,  
where n i s  t h e  number of t he  s u r f a c e  being ray- t raced  a t  a  p a r t i c u l a r  
t ime. The fol lowing dimensional parameters d e f i n e  both t he  l i n e a r  and 
the  r o t a t i o n a l  a x i s  t ransformat ions  from the  X Y n 1 Z n )  a x i s  systen 
J 
of t he  previous o p t i c a l  s u r f a c e  t o  t he  (Xn Yn Z,) a x i s  system: 
? > 
An The Xn , l  coord ina te  f o r  the o r i g i n  of  the  (X,,Y,,Z,) a x i s  system 
measured i n  the  (Xn-l,Yn-l,Zn-l) a x i s  system. 
B, The Y n - 1  coord ina te  f o r  t he  o r i g i n  of the  (Xn,Yn,Zn) a x i s  system 
measured i n  t he  (Xn- ,Yn , l  ,Zn-  I )  a x i s  system. 
Cn The Zn , l  coord ina te  f o r  t he  o r i g i n  of t he  (x,,Y,,z,) a x i s  system 
measured i n  t he  (Xn,l,Yn,l,Zn-l) a x i s  system. 
an An angular  displacement o f . t h e  Xn-axis i n  t he  Xn-Zn p lane .  This  
angular  displacement i s  p o s i t i v e  when the  p o s i t i v e  Xn-axis i s  
moved toward the  p o s i t i v e  Zn-axis, and nega t ive  when the 
p o s i t i v e  Xn-axis i s  moved toward t h e  nega t ive  Zn-axis.  
Pn An angular  displacement of t h e  Xn-axis i n  t h e  Xn-Yn p l ane .  This 
angular  displacement i s  p o s i t i v e  when the p o s i t i v e  Xn-axis i s  
moved toward the  p o s i t i v e  Yn-axis,  and nega t ive  when the  
p o s i t i v e  Xn-axis i s  moved toward the  nega t ive  Y,-axis. 
Table 1 (Sheet 1 of 2)- D e f i n i t i o n s  f o r  Ray-Trace 
Dimensional Parameters 
Yn An angular displacement of the Zn-axis in the Y,-Z, plane, 'fiis 
angular displacement is positive when the positive Zn-axis is 
moved toward the positive Yn-axis, and negative when the positive 
Zn-axis is moved toward the negative Yn-axis. 
The three angular transformations, an, pn, yn, are operative only after 
the linear transformations, An, Bn, Cn, have been completed. Each of the 
three angular transformations must be taken singly, but they may be taker 
in any order, and each of the three angular transformations must be com- 
pleted before the next becomes operative. That is, the order of 
succession of the three angular transformations, an, Pn, and yn is an 
input to the computer. 
11. The dimensional parameters Fn 
, D", En, 
and Rn are used to define any 
conic surface, since they are the coeffic.ients of the following general 
conic equation: 
I I .  A plane surface is always the Yn-Zn plane, and requires no descriptive 
dimensional parameters. 
CV. The index of refraction of the optical medium immediately following the 
optical surface which is defined in the (Xn,Yn,Zn) axis system is 
described by the dimensional parameter Nn. 
Table 1 (Sheet 2 of 2). Definitions for Ray-Trace 
Dimensional Parameters 
su r f ace  i n  the  (Xn9Yn,Zn) a x t s  system. 
The Yn coord ina te  of a  s i n g l e  r ay  i n t e r c e p t  w i th  t he  o p t i c a l  
su r f ace  i n  the  (X, Yn Z,) a x i s  system. 
? ? 
The Z, coord ina te  of a  s i n g l e  r a y  i n t e r c e p t  w i th  t he  o p t i c a l  
su r f ace  i n  t he  (Xn Yn Z,) a x i s  system. 
9 ? 
The o p t i c a l  d i s t a n c e  a  s i n g l e  r a y  t r a v e l s  from the  previous 
s u r f a c e  t o  the  su r f ace  being r ay - t r aced .  This i s  def ined  as  
t he  t r u e  d i s t a n c e  between the  r ay - in t e r cep t  va lue  
(Xn-l,Yn-l,Zn-l) and t h e  r a y - i n t e r c e p t  va lue  (Xn,Yn,Zn) 
f o r  a  s i n g l e  r ay ,  mu l t i p l i ed  by N n m l .  
Centroid Xn The mathematical cen t ro id  f o r  a l l  Xn values  f o r  a  s i n g l e  
family of r a y s .  
Centroid Yn The mathematical c e n t r o i d  f o r  a l l  Yn va lues  f o r  a  s i n g l e  
family of r a y s .  
Centroid Z n  The mathematical c e n t r o i d  f o r  a l l  Zn values  f o r  a  s i n g l e  
family of r a y s .  
The l a r g e s t  mathematical d i f f e r e n c e  among a l l  Xn va lues  
f o r  a  s i n g l e  family of r a y s .  
The l a r g e s t  mathematical d i f f e r e n c e  among a l l  Yn va lues  
f o r  a  s i n g l e  family of r a y s .  
Table 2 (Sheet 1  of  2), Def in i t i ons  f o r  Ray-Surface I n t e r c e p t s  
and Thei r  Image Terminology 
a s i n g l e  family of r a y s ,  
The l a r g e s t  mathematical d i f f e r e n c e  among t h a t  75% of t he  
Xn va lues  remaining from a s i n g l e  family of rays  a f t e r  the 
computer has removed t h a t  25% of t he  Xn values  which a r e  
numerical ly  f u r t h e s t  from the  c e n t r a l  grouping of Xn 
va lues .  This 75% AX, value i s  gene ra l l y  a  good approxi-  
mation f o r  the t r u e  half-power spread f o r  a l l  the  Xn va lues  
of the  family of r a y s .  
The l a r g e s t  mathematical d i f f e r e n c e  among t h a t  75% of t he  Yn 
va lues  remaining from a s i n g l e  family of rays  a f t e r  t h e  com- 
pu te r  has  removed t h a t  25% of the  Yn va lues  which a r e  
numerical ly  f u r t h e s t  from the  c e n t r a l  grouping of Yn v a l u e s .  
This  75% AY, value i s  gene ra l l y  a  good approximation f o r  the 
t r u e  half-power spread f o r  a l l  t h e  Yn va lues  of the  family of 
The l a r g e s t  mathematical d i f f e r e n c e  among t h a t  75% of t he  Zn 
va lues  remaining from a s i n g l e  family of rays  a f t e r  t h e  com- 
pu te r  has  removed t h a t  25% of t he  Zn va lues  which a r e  
numerical ly  f u r t h e s t  from the  c e n t r a l  grouping of Zn va lues .  
This 75% Az, va lue  i s  gene ra l l y  a  good approximation f o r  t he  
t r u e  half-power spread f o r  a l l  the  Z n  va lues  of the family of 
Table 2 (Sheet 2 of 2 1 ,  Definitions for Ray-Surface Intercepts 
and Their image Analysis Terminology 
X i ,  The d i r e c t i o n  c o s i n e  component on t h e  Xn-axis f o r  a  r a y  
emerging ( a f t e r  r e f l e c t i o n ,  r e f r a c t i o n ,  d i f f r a c t i o n ,  o r  
t r a n s m i s s i o n )  from t h e  (Xn,Yn,Zn) p o i n t  on t h e  o p t i c a l  
s u r f a c e  of  t h e  (Xn,Yn,Zn) a x i s  sys tem.  
Eta, The d i r e c t i o n  c o s i n e  component on t h e  Yn-axis f o r  a  r a y  
emerging ( a f t e r  r e f l e c t i o n ,  r e f r a c t i o n ,  d i f f r a c t i o n ,  o r  
t r a n s m i s s i o n )  from t h e  (Xn,Yn,Zn) p o i n t  on t h e  o p t i c a l  
s u r f a c e  of t h e  (Xn,Yn,Zn) a x i s  sys tem.  
Ze t a n  The d i r e c t i o n  c o s i n e  component on t h e  Zn-axis f o r  a  r a y  
emerging ( a f t e r  r e f l e c t i o n ,  r e f r a c t i o n ,  d i f f r a c t i o n ,  o r  
t r a n s m i s s i o n )  from t h e  (Xn,Yn,Zn) p o i n t  on t h e  o p t i c a l  
s u r f a c e  of  t h e  (X, Yn Zn) a x i s  sys tem.  
J f 
Cent ro id  X i ,  The mathemat ica l  c e n t r o i d  f o r  a l l  X i ,  v a l u e s  f o r  a  s i n g l e  
f a m i l y  o f  r a y s .  
Cen t ro id  Eta, The mathemat ica l  c e n t r o i d  f o r  a l l  Eta, v a l u e s  f o r  a 
s i n g l e  f a m i l y  of  r a y s .  
Cen t ro id  Zetan The mathemat ica l  c e n t r o i d  f o r  a l l  Zetan v a l u e s  f o r  a  
s i n g l e  f a m i l y  of  r a y s .  
dXin The l a r g e s t  ma themat ica l  d i f f e r e n c e  among a l l  X i ,  v a l u e s  
f o r  a  s i n g l e  f a m i l y  of r a y s .  
AE t an The l a r g e s t  ma themat ica l  d i f f e r e n c e  among a l l  E t a n  
v a l u e s  f o r  a  s i n g l e  f a m i l y  of r a y s .  
Tab le  3 (Shee t  1 of 21, D e f i n i t i o n s  f o r  Ray D i r e c t i o n  Cosines  and 
T h e i r  Image Terminology 
The Largest mathematical d ik te rence  among a l l  Zeta, values  
f o r  a  s i n g l e  family of r a y s ,  
The l a r g e s t  mathematical d i i f e r e n c e  among t h a t  75% of the  
X i n  va lues  remaining from a s i n g l e  family of r ays  a f t e r  the 
computer has removed t h a t  25% of the X i n  va lues  which a r e  
numerical ly  f u r t h e s t  from the c e n t r a l  grouping of X i n  va lues .  
This 75%AXin va lue  i s  gene ra l l y  a  good approximation of the 
t r u e  half-power spread f o r  a l l  the  X i n  va lues  of the family 
The l a r g e s t  mathematical d i f f e r e n c e  among t h a t  75% of t h e  
Etan  va lues  remaining from a s i n g l e  family of rays  a f t e r  the 
computer has  removed t h a t  25% of t h e  Etan va lues  which a r e  
numer ica l ly  f u r t h e s t  from the  c e n t r a l  grouping of Etan va lues .  
This  75%AEtan va lue  i s  gene ra l l y  a  good approximation of the  
t r u e  half-power spread f o r  a l l  the  Etan va lues  of the family 
75% Azeta, The l a r g e s t  mathematical d i f f e r e n c e  among the  75% of the  
Zeta, va lues  remaining from a s i n g l e  family of rays  a f t e r  the  
computer has  removed t h a t  25% of the Zeta, values  which a r e  
numerical ly  f u r t h e s t  from the  c e n t r a l  grouping of Zeta, va lues .  
This  75% Aze tan  va lue  i s  gene ra l l y  a  good approximation of the  
t r u e  ha'lf-power spread f o r  a l l  the  Zetan va lues  of the family 
NOTE: When the  d i r e c t i o n  cos ine  va lues  a r e  
s u f f i c i e n t l y  smal l ,  they may be d i r e c t l y  
dimensioned a s  r ad i an  va lues .  
Table 3 (Sheet 2 of 2)- Def in i t i ons  f o r  Ray Di rec t ion  Cosines and 
Their  Image Terminology 
3  .0 MONOCHROMATOR DES I G N  
3 .1  Double-Pass Monochromators 
This  s e c t i o n  d e s c r i b e s  t h e  d e t a i l e d  o p t i c a l  c h a r a c t e r i s t i c s  o f  t h e  e i g h t  
double-pass  monochromators, A through H .  Monochromator H i s  t h e  f i n a l  
double-pass  monochromator d e s i g n  of t h i s  s t u d y .  
F i g u r e  1 shows two views o f  t h e  monochromator H o p t i c a l  sys tem which a r e  
p l o t t e d  d i r e c t l y  by computer.  The upper view i s  a  r a y  t r a c e  u s i n g  a  fami ly  
of t e n  r a y s  w i t h  a  s i n g l e  e n t r a n c e - s l i t  s t a r t i n g  p o i n t  (Xo = 0, Yo = 5.0,  
Z o  = 3.88),which form a  uniform l i n e  a r r a y  on t h e  g r a t i n g  f a c e  between p o i n t s  
(X3 = 0, Y3 = 50.0, Z 3  = 0 )  and(x3 = 0,  Y3 = -50.0, Z3 = 0 ) .  This  p a r t i c u l a r  
l i n e  a r r a y  does n o t  f i l l  t h e  f u l l  g r a t i n g  a r e a  which has  been l a t e r  o u t l i n e d  
w i t h  phantom l i n e s .  The lower view uses  a  d i f f e r e n t  f ami ly  of t e n  r a y s  which 
s t a r t  from t h e  same e n t r a n c e  s l i t  p o i n t  a s  f o r  t h e  upper view, b u t  t h e s e  t e n  
r a y s  form a  uniform l i n e  a r r a y  on t h e  g r a t i n g  f a c e  between p o i n t s  (X3 = 0,  
Y3 = 0,  Z3 = 90.0) ,  and (X3 = 0 ,  Y3 = 0 ,  Z3 = -90.0).  Both o f  t h e s e  r a y -  
t r a c e  p l o t s  a r e  f o r  a  f requency of 7213.57 cm-' f o r  which t h e  boundary r a y s  
have t h e i r  g r e a t e s t  sp read  from t h e  monochromator c e n t e r  l i n e .  
F i g u r e  2 i s  a  computer genera ted  i s o m e t r i c  p l o t  of t h e  monochromator H o p t i c a l  
sys tem.  This  p l o t  i s  a l s o  f o r  a  f requency of 7213.57 cm-l;  however, two 
f a m i l i e s  of n i n e  r a y s  each have been used .  One fami ly  of n i n e  r a y s  which a r e  
p r i n t e d  i n  r e d  s t a r t s  from e n t r a n c e - s l i t  s t a r t i n g  p o i n t  (Xo = 0, Yo = 2 .0 ,  
Z o  = 4 . 0 ) ,  and t h e  o t h e r  fami ly  of n i n e  r a y s  which a r e  p r i n t e d  i n  b l a c k  s t a r t  
from e n t r a n c e - s l i t  s t a r t i n g  p o i n t  (Xo = 0 ,  Yo = 5 . O ,  Z, = 3 . 8 8 0 ) .  Both 
f a m i l i e s  of n i n e  r a y s  i n t e r c e p t  t h e  g r ~ t i n g  i n  t h e  same r e c t a n g u l a r  a r r a y  
which f i l l s  t h e  f u l l  100 x 180 used a r e a  of t h e  g r a t i n g ,  

MflWO FIXED DOUBLE PflSS LITTROW MONO-F/5-1000 MM TFL-PflRflBBLOID--7213.57 H 6-3-70 
X: Y 0.03940 : 1 
COLLIMATING MIRROR 
\ 4 Y2.5.962 
-100.0 4 I I I I t 
-100.0 0.0 [MILLIMETERS] 100.0 200.0 300.0 ' 4ab.0 500.0 
Figure 2. MAWD Fixed Double-Pass Littrow 
Monochromator ~ / 5 ,  1000 MM TFL, 
Paraboloid, 72 13.57 H 
3 -3 
The a x i s  systems shown i n  F i g u r e s  1 and 2 a r e  a p p l i c a b l e  t o  a l l  t h e  double-  
pass monochromators A through H,  and t h e s e  a x i s  systems a r e  d e f i n e d  i n  Table  4 .  
F igures  1 and 2 do n o t  show t h e  (Xo Yo Zo) a x i s  sys tem which has  i t s  Yo-axis 
f f 
o f f s e t  1.160" from t h e  Y1-axis on ly  f o r  monochromator H .  The (Xo Yo Zo) and 
, 9 
(XI Y1 z l )  a x i s  systems a r e  i d e n t i c a l  f o r  a l l  t h e  o t h e r  double monochromators, 
9 9 
A through G .  
Monochromator A i s  e s s e n t i a l l y  t h e  same a s  t h e  f i n a l  monochromator d e s i g n  
presented i n  t h e  J P L  C o n t r a c t  No. 952552 F i n a l  Report(?) It d i f f e r s  o n l y  i n  
t h e  fo l lowing  ways : 
(1) The e n t r a n c e - s l i t  p lane  has  n o t  been g iven  t h e  c o r r e c t i v e  t i p  and 
t h e  e n t r a n c e  s l i t  i t s e l f  has  n o t  been g iven  t h e  c o r r e c t i v e  l a t e r a l  
t i l t  i n  i t s  p l a n e  a s  used i n  t h e  F i n a l  Repor C 4 o n o c h r o m ~ t o r  
des ign .  
( 2 )  The corner  pr ism i s  r e p l a c e d  by two c o r n e r  m i r r o r s .  
(3)  A cover p l a t e  i s  n o t  used i n  f r o n t  of t h e  d e t e c t o r  s e n s i t i v e  a r e a .  
The dimensional  pa ramete rs  f o r  monochromator A a r e  g iven  i n  Table  5 .  
Monochromator B d i f f e r s  from monochromator A i n  two ways: 
(1 )  The g r a t i n g  a n g l e  C~3,4 ,10,11 i s  changed from 56.055' t o  56.115'. 
( 2 )  The e n t r a n c e  s l i t  i s  moved l a t e r a l l y  from Z o = l . O O O  mrn t o  
Z0=3. 000 mm. 
The dimensional  pa ramete rs  f o r  monochromator B a r e  g i v e n  i n  Table  6 .  
I n  monochromator C ,  two new changes a r e  added: 
(1 )  The g r a t i n g  a n g l e  Cr3,49 10~11 i s  changed t o  56.145'. 
( 2 )  The e n t r a n c e  s l i t  i s  moved l a t e r a l l y  t o  Z0=4,000 mm. 
The dimensional p a r a m e t e r s  f o r  moriochrornatoz C a r e  g i v e n  i n  T a b l e  7 ,  
Entrance S l i t - -The  en t r ance  s l i t  l i e s  i n  the  Yo-Z, p lane ,  and 
each family of r ays  used t o  r a y - t r a c e  t he  monochromator s t a r t s  
from a  po in t  on t h e  en t rance  s l i t .  
I (x19y1?z1) Mathematical Axis System 
(x2 ,y2 7 2 )  Paraboloid Col l imat ing  Mirror--These four  a x i s  systems a r e  1 (x5,Y5,z5) i d e n t i c a l  and may be r e f e r r e d  t o  a s  t he  (X2,5 f 9 12,Y2,5,9,12 
, 
' (x9,Y9,z9) Z2  3 ) )  5  9  12) a x i s  system. The apex of t h i s  parabolo ida l  
(X12,Y12,Z12) r e f l e c t i n g  s u r f a c e  i s  a t  t he  o r i g i n  of t h e  (X2 5  9  l2 1 7 9  ? 
Y2,5,9,12,z2y5,9,12 ) a x i s  system, and the  focus of the  
paraboloid i s  loca ted  on the  nega t ive  X 2 , 5  8 g  1 2 - a ~ i ~ .  
Y Y 
(X3 ,y3 ,z3) D i f f r a c t i o n  Grating--These two a x i s  systems a r e  i d e n t i c a l  and 
(X1O,~lO,Z1O) may be r e f e r r e d  t o  a s  the (X3,lo Y3 10 23 a x i s  system. ) f ? f  
The r u l e d  a r ea  of t h e  g r a t i n g  i s  i n  t he  Y3,10-Z3,10 plane,  
and t h e  g r a t i n g  r u l i n g s  a r e  p a r a l l e l  t o  t he  Y3 ~ O - a x i s .  
f 
(X4)Y4,Z4) Mathematical Axis Systems--These two a x i s  systems a r e  
( 1 1 , 1 , )  i d e n t i c a l  and may be r e f e r r e d  t o  as  the  (X4 11 Y4 11 Z4 11) Y J f ? ?  
a x i s  system. 
('6 ,'6 ,'6) F i r s t  Surface of Corner Mirrors--This i s  a  p l a n e - r e f l e c t i n g  
s u r f a c e  i n  the  Y6-Zg p lane .  
(X7 7 7  ,z7) Second Surface of Corner Mirror--This is  a  p l a n e - r e f l e c t i n g  
su r f ace  i n  the  Y7-Z7 p lane .  
('8 '8 , '8) Mathematical Axis Sys tem. 
(X13,Y13,Z13) Front  Face of Detector  Cover Glass--This i s  a  r e f r a c t i n g  
su r f ace  i n  t he  Y13-Z13 p lane .  
(XI4,Yl4,Z14) S p e c t r a l  Image Surface--The s p e c t r a l  images f o r  t he  r a y  I I 
s t a r t i n g  po in t s  on t he  en t rance  s l i t  a re  formed on the I 
Table 4 .  Descr ip t ion  of Ray-Trace Axis Systems Used fo r  
Double-Pass Monochromators 
S u r f a c e  
Shape 
P lane  
Paraboloic  
P lane  
P lane  
Paraboloic  
P lane  
P lane  
P lane  
Paraboloic  
P lane  
Plane 
Parabo lc ic  
Plane 
P lane  
O p t i c a l  
Funct ion 
0 f  
S u r f a c e  
Transmit 
R e f l e c t  
D i f f r a c t  
Transmit 
R e f l e c t  
R e f l e c t  
R e f l e c t  
Transmit  
R e f l e c t  
D i f f r a c t  
Transmit  
R e f l e c t  
R e f r a c t  
Transmit  
Dn 
(mm) 
- 
1 .ooc 
1. OOC 
1 .ooo 
1.000 
Table 5 .  Dimensional Parameters  f o r  MAWD Monochromator A 
Table 6. Dimensional Parameters for MAWD Monochromator B 
Table 7. Dimensional Parameters for MAWD Monochromator C 
I n  monochromator D, t h e  g r a t i n g  a n g l e  Q3,4,10,11 i s  r e t u r n e d  t o  56.055", i t s  
v a l u e  f o r  monochromator A ,  and t h e  e n t r a n c e  s l i t  remains a t  Z0=4.000, a s  i n  
monochromator C .  The dimensional  pa ramete rs  f o r  monochromator D a r e  g iven  i n  
Table 8 .  
Monochromator E i s  l i k e  monochromator D excep t  t h e  g r a t i n g  has  been moved 
10 mm f u r t h e r  from t h e  e n t r a n c e  s l i t .  The dimensional  pa ramete rs  f o r  mono- 
chromator E a r e  g iven  i n  Table  9 .  
Monochromator F i s  l i k e  monochromator D excep t  i t  u s e s  a  100-mm d iamete r  
a p e r t u r e  s t o p  which i s  l o c a t e d  a t  t h e  g r a t i n g  bu t  i s  normal t o  t h e  mono- 
chromator a x i s .  The dimensiona 1 parzme t e r s  f o r  monochroma t o r  F a r e  g iven  
i n  Table 8 .  
Monochromator G i s  l i k e  monochromator E excep t  i t  u s e s  t h e  same 100-mm-dia. 
a p e r t u r e  s t o p  a t  t h e  g r a t i n g  and normal t o  t h e  monochromator a x i s ,  a s  i n  
monochromator F .  The d imens iona l  parameters  f o r  monochromator G a r e  g iven  
i n  Table 9 .  
Monochromator H, t h e  f i n a l  double-pass  monochromator d e s i g n ,  i s  v e r y  s i r c i l a r  
t o  monochromator E e x c e p t  f o r  op t imal  shaping of t h e  e n t r a n c e  s l i t ,  a d d i t i o n  
of a  0.250-mm-thick q u a r t z  cover  p l a t e  i n  f r o n t  of t h e  d e t e c t o r s ,  and a s l i g h t  
change i n  t h e  d i s t a n c e  between t h e  c o l l i m a t i n g  m i r r o r  and t h e  two c o r n e r  
m i r r o r s .  The dimensional  pa ramete rs  f o r  monochromator H a r e  g iven  i n  Tab le  10.  
Table  11 summarizes t h e  dimensional  d i f f e r e n c e s  between t h e  e i g h t  double-pass  
monochromators A through H. Table  12 g i v e s  t h e  four  p o i n t s  on t h e  g r a t i n g  
s u r f a c e  which d e f i n e  t h e  monochromator a p e r t u r e  s t o p  f o r  a l l  double-pass 
monochromators e x c e p t  monochromators F and G .  These two use  a 100-mm-diameter 
c i r c u l a r  a p e r t u r e  s t o p  which is  normal t o  t h e  XI-axis a t  t h e  o r i g i n  of t h e  
g r a t i n g  a x i s .  Table  13 l i s t s  t h e  seven f r e q u e n c i e s  which a r e  used i n  t h e  
r a y  t r a c e s  of each of t h e  e i g h t  monochromators and g i v e s  t h e i r  wavelength 
e q u i v a l e n t s .  Table 13 a l s o  l i s t s  t h e  - NXk v a l u e s  used f o r  each f requency .  1000 
The 7213.57 crn-I f requency v a l u e  i n  Tab le  13 r e p r e s e n t s  t h e  g r a t i n g  second- 
1 o r d e r  v a l u e  f o r  t h e  neon c e n t e r  f requency of 14427 , I 4  cm- . 
Axis 
Sub- 
; c r i p t  
4n> 
Sur f  a c e  
Shape 
P lane  
Parabo lo id  
P lane  
P lane  
Parabo lo id  
P lane  
P lane  
P l a n e  
Parabo lo id  
P lane  
P lane  
Parabo lo id  
P lane  
P lane  
3 p t i c a l  
Funct ion 
0 f  
Sur face  
rr ansmi t 
R e f l e c t  
D i f f r a c t  
Transmit  
R e f l e c t  
R e f l e c t  
R e f l e c t  
Transmit  
R e f l e c t  
D i f f r a c t  
Transmit  
R e f l e c t  
R e f r a c t  
Transmit  
Table  8 .  Dimensional Parameters  f o r  MAWD mono chroma tor,^ D and F 
Table 9. Dimensional Parameters for MAWD Monochromators E and G 
Axis 
Sub- 
S c r i p t  
(.-> 
-- 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
L3 
14 
-- 
Surface 
Shape 
Plane 
Paraboloid 
Plane 
Plane 
Paraboloid 
Plane 
Plane 
Plane 
Paraboloid 
P 1 ane 
P 1 ane 
Paraboloid 
Plane 
Plane 
Optical 
Function 
0 f  
Surf ace 
Transmit 
Reflect  
Di f f rac t  
Transmit 
Reflect  
Reflect  
Reflect  
Transmit 
Reflect 
Di f f rac t  
Transmit 
Reflect  
Refract 
Transmit 
Tab le  10.  Dimensional  Parameters  f o r  MAWD Monochromator H 

 able 1 2 .  Coord ina tes  on G r a t i n g  S u r f a c e  which 
Define  Both I t s  Used Area and t h e  
Aper tu re  S top  of t h e  Double Pass  
Monochromator 
Gra t ing  lines/mm, k = 1200 ~ / m m  
G r a t i n g  o r d e r  N = 1 
Table  13 .  The Wavelengths and The i r  Frequency 
N X lc 
EquivaYents, and t h e  ------- 1000 Values 
Used i n  This Ray Trace S t u d y  
Tables 14 through 33 d e s c r i b e  t h e  s p e c t r a l  image c h a r a c t e r i s t i c s  f o r  t h e  e i g h t  
double-pass  monochromators f o r  t h e  same seven f r e q u e n c i e s .  The d a t a  i n  each 
t a b l e  i s  f o r  a  s i n g l e  fami ly  of 100 r a y s  s t a r t i n g  from a  p o i n t  on t h e  e n t r a n c e  
s l i t .  The terminology used f o r  t h e s e  t a b l e s  i s  g iven  i n  Tables  1 and 2 .  The 
A14 v a l u e s  f o r  Tab les  14 through 30  were o b t a i n e d  by l e t t i n g  t h e  computer v a r y  
A14 u n t i l  a  b e s t - s p e c t r a l - i m a g e  i s  ob ta ined  a s  r e p r e s e n t e d  by a l l  one hundred 
Z 14 v a l u e s  . 
I n  Tables  31, 32, and 33, t h e  v a l u e  o f  A14 was f i x e d  a t  0.250 mrn, which i s  t h e  
t h i c k n e s s  of t h e  y u a r t z  cover  p l a t e  f o r  t h e  d e t e c t o r s .  For monochromator H 
t h e  e n t r a n c e - s l i t  p l a n e  t i l t ,pl  = 1.160°,  and t h e  a d d i t i o n a l  l a t e r a l  t i l t  of  
t h e  e n t r a n c e  s l i t  i n  i t s  p lane ,  a r e  des igned t o  make t h e  r e s p e c t i v e  A14 and 
Z14 v a l u e s  e q u a l  t o  one ano ther  f o r  t h e  (H2),  ( H ~  and ( H ~ )  s t a r t i n g  p o i n t s  
and f o r  t h e  same f r e q u e n c i e s  . 
F i g u r e  3  i s  a  composi te  p l o t  of d a t a  from Tables  14 through 21  and shows t h e  
r e l a t i v e  s p e c t r a l  image c h a r a c t e r i s t i c s  of monochromators A,  B,  C ,  and D. It 
can be s e e n  from F i g u r e  3  how impor tan t  t h e  l o c a t i o n  of t h e  e n t r a n c e  s l i t  i s  
i n  de te rmin ing  t h o s e  f r e q u e n c i e s  which have t h e  b e s t  r e s o l u t i o n .  
F igure  4  i s  a p l o t  of da-ta from Tables  28, 29, and 30, showing t h e  s p e c t r a l  
image c h a r a c t e r  i s  t i c s  of monochromator H.  
F igure  5 is  t h e  computer p l o t  and e q u a t i o n  f o r  t h e  b e s t  f i e ,  second-degree  
curve  f o r  t h e  seven f requency v a l u e s  v e r s u s  t h e i r  cor responding  c e n t r o i d  Z14 
va lues  o b t a i n e d  from Table  32. 
I n  t h e  comparison of t h e  e i g h t  d i f f e r e n t  double-pass  monochromators, n o t  o n l y  
t h e i r  s p e c t r a l  image c h a r a c t e r i s t i c s  must be c o n s i d e r e d ,  b u t  a l s o  where t h e i r  
r a y s  a c t u a l l y  i n t e r s e c t  t h e  two c o r n e r  m i r r o r s .  Rays must n o t  o v e r l a y  o r  f a l l  
t o o  n e a r  t h e  c o r n e r  between t h e  two c o r n e r  m i r r o r s .  Table  34 shows t h e  maximum 
range of Z6 v a l u e s  f o r  each of t h e  e i g h t  double-pass  monochromators and f o r  
t h r e e  f r e q u e n c i e s .  Two of t h e s e  f r e q u e n c i e s  always come n e a r e s t  t h e  c o r n e r .  
The t h i r d  f requency  i s  always f a r t h e s t  from t h e  c o r n e r ,  The Z r anges  on t h e  7 
second corner  m i r r o r  have r o u g h l y  the v a l ~ r e s  of  the - i r  Z6 c o u n t e r p a r t ,  T t  i s  

Ray Starting Point on Entrance Slit is (A5) :  Xo = 0, Yo = 5.0, Zo = 1.0 
NOTE: All dimensions are in mm except as noted. 
Table 15. Spectral Image Characteristics for Monochromator A 
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Ray Starting Point on Entrance Slit is (G5): Xo = 0, Yo = 5.0, Zo = 4.0 
NOTE: A11 dimensions are in mm except as noted. 
Table 27. Spectral Image Characteristics for Monochromator G 
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3-38  
Range of Z6 Values f o r  Ray F i l l i n g  Area on S u r f a c e  i'l6 
Monochr oma t o r  
NOTE: A 1 1  dimensions  a r e  i n  mm excep t  a s  n o t e d .  
Tab le  34. Ray Loca t ions  on F i r s t  Corner M i r r o r .  This 
Tab le  g i v e s  t h e  maximum d i f f e r e n c e  f o r  a l l  
Z6 v a l u e s  f o r  two r a y  f a m i l i e s  w i t h  s t a r t i n g  
p o i n t s  (Yo=2 .0, Z0=4 .0), and(Yo=5 .O,  Z0=4 .0). 
An e x c e p t i o n  i s  Monochromator H which h a s  
r e s p e c t i v e  r a y  s t a r t i n g  p o i n t s  (Yo=2.0, Z0=4,0) 
and (Y,=5 -0 ,  Z,=3 .$a) , 
seen from Table 34 t h a t  monochromator H has s a f e  r a y  clearance--3.54 rrm 
minimum, whereas monochromators A ,  B ,  and C have l e s s  c l ea rance .  
3.2 
The design goal  of t h i s  s tudy  a t  i t s  beginning was t o  design an optimal double- 
pass monochromator, and monochromator H i s  t h e  end r e s u l t .  A t  t h i s  s t a g e  of 
t h e  s tudy,  JPL reques ted  t h a t  i n  a d d i t i o n ,  an o p t i c a l  s tudy  be made of t h e  
f r o n t  h a l f  of monochromator H used a s  a  s ing le -pass  monochromator. Only one 
such s ing le -pass  monochromator has been s t u d i e d ,  and i t  i s  r e f e r r e d  t o  a s  
monochromator J ,  
F igure  6 shows two views of t he  monochromator J o p t i c a l  system which a r e  
p l o t t e d  d i r e c t l y  by computer. The upper view i s  a  r a y  t r a c e  us ing  a  family 
of t en  r ays  wi th  a  s i n g l e  e n t r a n c e - s l i t  s t s r t i n g  po in t  (Xo = 0, Yo = 5 .0 ,  
Z o =  3.88) which form a  uniform l i n e  a r r a y  on t h e  g r a t i n g  f ace  between po in t s  
(X3 = 0, Y3 = 50.0, Z3 = 0) znd(x3 = 0,  Yg = -50.0, Z3 = 0 ) .  This p a r t i c u l a r  
l i n e  a r r a y  does no t  f i l l  t h e  f u l l  g r a t i n g  a r e a  which has  been l a t e r  ou t l i ned  
wi th  phantom l i n e s .  The lower view uses  a  d i f f e r e n t  family of t en  r ays  which 
s t a r t s  from the  same e n t r a n c e - s l i t  po in t  as  f o r  the  upper view, but  t he se  t e n  
r ays  form a  uniform l i n e  a r r a y  on the  g r a t i n g  f ace  between po in t s  (X3 = 0, 
Y3 = 0, Z3 = 90.0) and(X3 = 0, Y3 = 0, Z3 = -90.0).  Both of these  r a y - t r a c e  
p l o t s  a r e  f o r  a  frequency of 7213.57 cm-I f o r  which the  boundary rays  have 
t h e i r  g r e a t e s t  spread from the  monochromator c e n t e r  l i n e .  
The monochromator J a x i s  systems shown i n  F igure  6 a r e  def ined i n  Table 35, 
and the  dimensional parameters f o r  monochromator J a r e  given i n  Table 36. The 
d i s t o r t i o n s  i n  the  s p e c t r a l  image of t h e  en t rance  s l i t  a r e  only h a l f  as  g r e a t  
a s  f o r  monochromator H,  s o  the  e n t r a n c e - s l i t  pla.ne t i l t ,  PI, i s  ha lved .  Now 
p1 = 0.580') and t h e  l a t e r a l  t i l t  of t he  en t rance  s l i t  i n  i t s  plane i s  a l s o  
halved.  
Tables 37, 38, and 39 show the  s p e c t r a l  image c h a r a c t e r i s t i c s  f o r  monochromator 
J f o r  t h r e e  d i f f e r e n t  e n t r a n c e - s l i t  s t a r t i n g  p o i n t s ,  I n  these  t h r ee  t a b l e s ,  
Aq i s  varied by the computer u n t i l  a  best-image i s  obtained fo r  each family 

( X o Y o Z 0  Entrance S l i t - -The  en t r ance  s l i t  l i e s  in 
each family of rays  used t o  r a y - t r a c e  the  monochromator s t a r t s  
from a  po in t  on t h e  en t r ance  s l i t .  
(X1,Y1,Z1) Mathematical Axis Sys tem. 
(X2,Y2,Z2) Paraboloid Coll imat ing Mirror--These two a x i s  systems a r e  
(X5,Y5,Z5) i d e n t i c a l  and may be r e f e r r e d  t o  as  t he  (X2 5 Y2 5 Z 2  5) a x i s  Y ,  9 ,  , 
system. The apex of t h i s  parabolo ida l  r e f l e c t i n g  s u r f a c e  i s  a t  
t h e  o r i g i n  of t he  (X2 5  Y2 5  Z2,5) a x i s  system, and t h e  focus 
J 9  t J  
of t he  paraboloid i s  loca ted  on the nega t ive  X2 5 -ax is .  
J 
(X Y Z ) D i f f r a c t i o n  Grating--The ru l ed  a r ea  of t he  g r a t i n g  i s  i n  t he  
3,  37 3  
Y3-Z3 p lane,  and the  g r a t i n g  r u l i n g s  a r e  p a r a l l e l  t o  the  
Y3-axis. 
(X Y Z ) Mathematical Axis System. 
4,  4, 4  
(X6,Y6,Z6) Front  Face of Detector  Cover Glass--This i s  a  r e f r a c t i n g  
su r f ace  i n  t h e  Y6-Z6 p lane .  
(X Y Z ) S p e c t r a l  Image Surface--The s p e c t r a l  images f o r  the  ray  
7, 77 7  
s t a r t i n g  po in t s  on the  en t rance  s l i t  a r e  formed on the  
Y7-Z7 p lane .  
Table 35. Descr ip t ion  of Ray-Trace Axis Systems Used 
f o r  Single-Pass  Monochromator 
Axis 
Sub- 
S c r i p !  
dn> 
Surface  
Shape 
P 1 ane 
Paraboloic 
Plane 
P 1 ane 
Paraboloic 
P 1 ane 
Plane 
3 p t i c a l  
Function 
of 
Surface 
Transmit 
Ref lec t  
D i f f r a c t  
Transmit 
Ref lec t  
Ref rac t  
Transmit 
En 
(mm) 
- 
. OOC 
. OOC 
Table 36. Dimensional Parameters f o r  MAWD Single-Pass  Monochromator, J 



of one hundred Z7 v a l u e s ,  Tables 40, 41, and 4 2  show the  s p e c t r a l  image 
c h a r a c t e r i s t i c s  f o r  monochromator J when A7 has a  f ixed  va lue  of 0.250 mm. 
Tables 37 through 42 have two new f requenc ies  added, which a r e  no t  used with 
t he  double-pass monochromators. These r ep re sen t  the  maximum and minimum f r e -  
quencies which have j u s t  the  same maximum u t i l i z a t i o n  of the  two corner  
mir rors  a s  does monochromator H .  
F igure  7 i s  t he  computer p l o t  and equa t ion  f o r  t h e  b e s t  f i t ,  second-degree 
curve f o r  t he  nine frequency va lues  versus  t h e i r  corresponding cen t ro id  Z, 
va lues  obtained from Table 41. 
3.3 Er ror  Analysis  f o r  Monochromators H and J 
The e r r o r  ana lys i s  presented i n  t h i s  s e c t i o n  determines t he  modi f ica t ions  t o  
t he  monochromator s p e c t r a l  image c h a r a c t e r i s t i c s  due t o  component t o l e r ances  
and i n s t a b i l i t i e s .  This a n a l y s i s  i s  performed i n  a  fundamental manner i n  
which only one dimensional parameter i s  modified a t  a  t ime,  Each dimensional 
parameter e r r o r  has been a c t u a l l y  va r i ed  through two f u l l  decades.  As long a s  
t he  dimensional parameter e r r o r s  a r e  r e l a t i v e l y  smal l ,  t h e i r  i nd iv idua l  changes 
t o  the  monochromator s p e c t r a l  image c h a r a c t e r i s t i c s  may be added t o  g ive  t he  
o v e r a l l  s p e c t r a l  image c h a r a c t e r i s t i c s  f o r  the-monochromator wi th  a l l  i t s  
dimensional parameter e r r o r s .  
Tables 43 through 49 give t he  r e s u l t s .  of s i ng l e - r ay  e r r o r  ana lyses .  For t he  
p a r t i c u l a r  dimensional parameter e r r o r s  presented i n  these  t a b l e s ,  one a x i a l  
r a y  i s  c h a r a c t e r i s t i c  of a  100-ray family,  s i n c e  the  monochromator focus w i l l  
be una f f ec t ed .  The same s i n g l e  r ay  i s  used fo r  every dimensional parameter 
e r r o r  change, and t h a t  r ay  has  an e n t r a n c e - s l i t  s t a r t i n g  po in t  of (Yo=5.0, 
Z0=3.88), and a  r a y  i n t e r c e p t  a t  t he  o r i g i n  of t he  (X3,Y3,Z3) a x i s  system. 
I f  a  dimensional parameter e r r o r  modif ies  the monochromator f o c a l  l eng th ,  then 
a t  l e a s t  two rays  a r e  requi red  f o r  t he  s p e c t r a l  image a n a l y s i s .  Tables 50 and 
51 show such 2-ray e r r o r  a n a l y s i s .  These two rays  have t h e i r  e n t r a n c e - s l i t  
s t a r t i n g  p o i n t s  a t  (Yo= 5.0, Z o =  3.88) and they s t r i k e  the g r a t i n g  a t  two 
p o i n t s  (Y3 = 0, Z 3 =  90,O) and (Y3 = 0,  Z3 = -90,O). The computer then  v a r i e s  
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F i g u r e  7 .  Monochromator J - -Cen t ro id  Z7 vs Frequency 
3-51 
14 and A f o r  monochromator K and J, r e s p e c t i v e l y ,  u n t i l  t he  two r ays  have 7 
i d e n t i c a l  Z14 o r  Z 7  va lues .  
Figure 8  i s  a  composite p l o t  of the  s ing l e - r ay  e r r o r s  from Tables 43 through 
49. One i n t e r e s t i n g  r e s u l t  of  t h i s  e r r o r  a n a l y s i s  i s  t h a t  t he  Y e r r o r  14 
displacement i s  zero ,  o r  s u b s t a n t i a l l y  zero ,  f o r  c e r t a i n  dimensional param- 
e t e r  e r r o r s ,  whi le  t he  corresponding Y7 e r r o r  displacement i s  l a r g e .  This  i s  
because t he se  p a r t i c u l a r  e r r o r  displacements  c r ea t ed  i n  t h e  f i r s t  monochromator 
a r e  cance l led  by t h e  second monochromator due t o  t he  v e r t i c a l  r a y  i nve r s ion  a t  
t he  corner  mir ror .  
3.4 Component Dimensions f o r  Monochromator H 
This s e c t i o n  p re sen t s  a  number of computer spo t  diagrams which show t h e  maxi- 
mum a reas  of each o p t i c a l  su r f ace  which a r e  used by rays i n  Monochromator H.  
Figure 9  i s  a  graph of the  f i n a l  e n t r a n c e - s l i t  shape i n  t he  Yo-Zo plane., wi th  
i t s  f i n a l  coord ina tes .  F igure  10 i s  a  composite view of su r f aces  1, 6,  7, and 
14 a t  a  frequency of 7213.57 em-'. For  t h i s  p l o t ,  n ine  f a m i l i e s  of n i n e  r ays  
each s t a r t  from t h e  n ine  e n t r a n c e - s l i t  s t a r t i n g  po in t s  shown i n  F igure  9  f o r  
Monochromator H. The i n t e r c e p t s  of t h e s e  r ays  wi th  t he  f i r s t  corner  mir ror  
( t h e  Y6-Z6 p lane) ,  the  second corner  mi r ro r  ( t h e  Y7-Z7 p lane) ,  and t h e  e x i t -  
s l i t  plane ( t h e  Y14-Z14 p lane)  a r e  a c c u r a t e l y  shown. Figure 11 i s  a  s i m i l a r  
1 p l o t ,  except  the  frequency i s  7238.54 cm' . Figure  12 is  a l s o  s i m i l a r  t o  
Figures  10 and 11, and i t  i s  a  composite p l o t  of a l l  seven f requenc ies  l i s t e d  
i n  Table 13. 
F igure  13 i s  a  composite p l o t  of su r f aces  2, 5, 9, and 12 f o r  the co l l ima t ing  
mi r ro r ,  a t  a  frequency of 7213.59 em-'. A 100-ray family i s  used wi th  an 
e n t r a n c e - s l i t  s t a r t i n g  po in t  of (Yo - 5.0,  Zo= 3.88).  Four 100-ray p o i n t s  
a r e  seen i n  F igure  13 s i n c e  four  100-ray i n t e r c e p t s  a r e  shown a t  r e s p e c t i v e  
su r f aces  2 ,  5 ,  9, and 12. 
I t  has been necessary t o  develop a  new r a y - t r a c e  a x i s  system i n  order  t o  
determine the h o l e  l o c a t i o n  in the grating, This new r a y - t r a c e  axis s y s t e m  
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Table 43. Single Ray Error Analysis for Single- and Double-Pass 
Monochromators: Aa3,4,11,12 and AP3, 4, 11, 12 

a 
aJ 
u 
0 
C 
(I] 
td 
u 
a 
e, 
U 
3 
E 
G 
.A 
aJ 
$4 
td 
LO 
r: 
0 
.A 
(I] 
B 
.A 
a 
4 
4 
4: 
. . 
a, 
u 
0 
z 
Note: All dimensions are in mm except as noted 
Table 46. Single Ray Error Analysis for Single- and Double-Pass 
Monochromators : AC7, 10 and Aa 778 
Note: A l l  dimensions a r e  i n  mm except as noted 
Table  47.  S i n g l e  Ray E r r o r  Ana lys i s  f o r  S i n g l e -  and Double-Pass Monochromators: 
A a  and AP7,8 7 , 9  
Note: All dimensions are in mrn except as noted 
Table 48. Single Ray Error Analysis for Single and Double Monochromators: 
A87, and AyO 
Note: A l l  dimensions a r e  i n  mm except a s  noted 
Table 49.  Single Ray Error  Analysis f o r  Single and Double Pass Monochromators: 
hz . 
0 

Mf lX  M I  N 
2 HFlLF FlXIS LENGTH 10.160 Z = 12.944 -12.883 SURFFlCE N(J. 
Y HflLF R X I S  LENGTH 10.160 Y = 5.038 -5.927 1 G 7 1 4  
Figure 10, MAWD Fixed Double-Pass L i t t r o w  Piorto--F/S, 1000 mm TFL, 
Paraboloid--7213 -57 B 
3-62 
MRX MI  N 
Z HRLF RXIS LENGTH 10.160 Z = 4.625 -U. 634 SURFRCE NO. 
Y HRLF RXIS LENGTH 10.1GO Y = 5.017 -5.312 1 G 7 1 4  
Figure 11, MAWD Fixed Double-Pass Littrow Mono--F/5, 1000 mm TPL, 
Paraboloid--7238,54 H 
I l l  
#I# 
118 
Z HALF R X I S  LENGTH 10.160 Z 
Y HRLFRXISLENGTH 10.168 Y 
MAX M I N  
= 12.91111 -12.883 SURFACE NO. 
= 5.038 -5.927 1 6 7 1 l l  
F i g u r e  12, I W U  Fixed Double-Pass Littrow ~ono--F/S, LOO0 mn TFL, 
ParaLoloid--7 frequencies 
3-64 
MBX MIN 
HBLF  XI s LENGTH I 01 .60O % = 58.709 -55,660 
HRbF A X I S  LENGTH 101.600 I' = 54.755 -56.656 
F i g u r e  13. W W D  Fixed Double-Pass Littrow Mono--F/5, 1000 mnri TFL, 
Paraboloid--72L3,57 H 
3-65 
i n s e r t s  t he  g r a t i n g  s u r f a c e  i n t o  t he  r ay  t r a c e  each time the  r ays  pass through 
i t s  ho l e .  This r a y - t r a c e  a x i s  system is  c a l l e d  monochromator HA, and i s  
descr ibed i n  Table 52, and i t s  dimensional parameters a r e  def ined i n  Table 53. 
Figure 14 i s  a composite p l o t  of t he  i n t e r c e p t s  f o r  a 100-ray family w i th  
su r f aces  2, 5 ,  8 ,  13, 16, and 19. For t h i s  p a r t i c u l a r  monochromator HA ray-  
t r a c e  2, 8 ,  13, and 19 r e p r e s e n t  the  one hundred r ays  passing through t h e  
g r a t i n g  f a c e  and su r f aces  5 and 16 r e p r e s e n t  t he  rays  f i l l i n g  t he  f u l l  g r a t i n g  
f ace .  Any holes  c u t  through the  g r a t i n g  must, of course ,  inc lude  the  fou r  
groups of one hundred r a y  po in t s  which r e p r e s e n t  su r f aces  2, 8 ,  13, and 19.  
F igure  15 i s  F igure  14 wi th  an e l l i p s o i d a l  r i n g  of po in t s  and a second a x i s  
system superimposed. This e l l i p t i c a l  r i n g  of po in t s  r e p r e s e n t s  t he  p r o j e c t i o n  
on the  g r a t i n g  f a c e  of a 45-mm-diameter ho l e  c u t  through the  g r a t i n g  p a r a l l e l  
t o  t he  monochromator a x i s ,  XI-axis.  The X-axis of t h i s  bored ho le  i s  loca ted  
a t  Z5= -10.0 mm, wherein t he  g r a t i n g  face  i s  i n  the  (X5,Y5,Z5) a x i s  system. 
F igure  16 shows a family of computer-generated ho les  f o r  t he  g r a t i n g .  Each 
e l l i p t i c a l  r i n g  is  t h e  i n t e r c e p t  of 40 equally-spaced r a y s ,  forming a c y l i n d e r  
about t he  XI-axis, of t h e  monochromator. F igure  16 shows bored ho le s  through 
the  g r a t i n g  having 38-mm through 60-mm diameters .  
F igure  17 shows the  r equ i r ed  ho l e  s i z e  and l o c a t i o n  i n  t he  co l l ima t ing  m i r r o r .  
This ho l e  dimension was developed by r ay - t r ac ing  those r ays  which s t a r t e d  from 
two e n t r a n c e - s l i t  s t a r t i n g  po in t s  (Yo = 2 . O ,  Z o  = 4 .O) and (yo = 5.0, ZO = 3.88) )  
and i n t e r c e p t  the  45-mm-diameter bored h o l e  through the  g r a t i n g  shown i n  
Figure 16. The i n t e r c e p t s  of these  r ays  wi th  t he  co l l ima t ing  mir ror  determine 
t h i s  ho le  s i z e .  F igure  17 i s  given i n  terms of t he  monochromator H a x i s  system. 
- - - - 
Note: All dimensions are in mrn except as noted 
Table 50. Two-Ray Error Analysis for Single- and Double-Pass 
Monochromators : AA2 ,6 ,  14 
and A A 6 ,  10 
-- 
Note: All dimensions are in mm except as noted 
Table 51. Two-Ray Error Analysis for Single- and Double-Pass 
Monochromators: AR2,5710713 and A Xo 
(xo,yo,zo) Entrance S l i t - -The  en t rance  s l i t  l i e s  i n  the Yo-Zo p lane ,  and 
each family of rays  used t o  r a y - t r a c e  t he  monochromator s t a r t :  
from a po in t  on t he  en t rance  s l i t .  
(X1 ,YIJz l )  Mathematical Axis Sys tem. 
(x4,y4 7 4 )  Paraboloid Coll imat ing Mirror--These four  a x i s  systems a r e  
(X7 7 7  7 7 )  i d e n t i c a l  and may be r e f e r r e d  t o  a s  t he  (X4 7 15 18 9 )  ? 9 
( ~ 1 5 , ~ 1 5 , ~ 1 5 )  Y4,7, 15, 18,z4,7, 15,18 ) a x i s  system. The apex of t h i s  
(XI8,y18,Z18) pa rabo lo ida l  r e f l e c t i n g  su r f ace  i s  a t  t h e  o r i g i n  of t h e  
(X4,7,15,18,Y4,7,15,18,z4,7,15,18 ) a x i s  system, and the  
focus of t h e  paraboloid i s  located on the  nega t ive  
(x2 7 2  ,z2 ) D i f f r a c t i o n  Grating--These s i x  a x i s  systems a r e  i d e n t i c a l  and 
(X5 7 5  ,z5) may be r e f e r r e d  t o  a s  the (X215,8,13,16,19,Y2,5,8,13,16,19, 
(X8,Y8,z8) z2  ) > J  8 13,16,19) a x i s  system. The ru l ed  a r e a  of t h e  g r a t i n g  
(X13,Y13,Z13) is in the Y2,5,8,13,16,19-z2,5,8,13,16,,19 P lane ,  and t h e  
(X16 ,Y16 , ~ 1 6 )  g r a t i n g  r u l i n g s  a r e  p a r a l l e l  t o  t he  Y2,5)8,13,16,19-axf.s. 
(X19,Y19 ,z 19) 
(X3 7 3  ,z3)  Mathematical Axis Systems--These s i x  a x i s  systems a r e  
(X6,Y6,z6) i d e n t i c a l  and may be r e f e r r e d  t o  a s  the  (X3 .? 6 7 9 7 14,17,20 
(x9,y9 /9)  Y3,6 ,9 ,14,17,20,~3,6? 9? 14, 1 7 ~ 2 0 )  axis system. 
(X14,Y14,Z14) 
(X17,Y17,Z17) 
(x20,y20,z20) 
(XlO,Y 10,Zlo) F i r s t  su r f ace  of Corner Mirror--This i s  a p lane- re f  l e c t i n g  
su r f ace  i n  the  YlO-Z10 p lane .  
(Xl1,Y11,Z11) Second Sur face  of Corner Mirror--This i s  a p l a n e - r e f l e c t i n g  
su r f ace  i n  the Y l l - Z l l  p l ~ n e .  
Table 52 (Sheet  I of  2), Descr ip t ion  of Spec i a l  Ray-Trace A x i s  Systenis 
Used t o  Define t he  Hole S ize  i n  t he  Grat ing f o r  the  Double-Pass 
Monochromator, HA 
(XI2 ,Y 12 ,Z l2)  Mathematical  Axis Sys  tern. 
(X21,Y21,Z21) F r o n t  Face of De tec to r  Cover Glass--This  is  a r e f r a c t i n g  
s u r f a c e  i n  t h e  Y21-Z21 p lane .  
(X22,Y22,Z22) S p e c t r a l  Image Surface--The s p e c t r a l  images f o r  t h e  r a y  
s t a r t i n g  p o i n t s  on t h e  e n t r a n c e  s l i t  a r e  formed on t h e  
Y22-Z22 p l a n e .  
-- 
Table  52 (Sheet  2 of 2 ) .  D e s c r i p t i o n  of S p e c i a l  Ray-Trace Axis Systems 
Used t o  Def ine  t h e  Hole S i z e  i n  t h e  G r a t i n g  f o r  t h e  Double-Pass 
Monochromator, HA 
NOTE: All dimensions are in mm except as noted. 
Table 53. Dimensional Parameters for MAWD Monochromator, HA 
Z HRLF WXIS LENGTH 101,600 
Y HALF RX%S LENGTH 101,600 
F i g u r e  1.4. MAWD Fixed Double-Pass  Littrow ~ono--F/5, 
1000 mm TFL, Paraboloid--7213 -57 HA 
MAW0 FIXED DOUBLE PWSS L l TIABW MBMO-F/S-1000 MM TFL-PARRBBLQI D--7213,5a MR6-3-70 
'r" Y 
HRLF FtXIS LENGTH 101.600 
HRLP @ X I S  LENGTH 101.600 
SURFFlCE NO. 
2 5 8 131619 
F i g u r e  15 .  MAW G r a t i n g  Hole S i z e  and Loca t ion  
f o r  Double-Pass Monochromator ttA_ 
HWLF RXlS LENGTH 101.600 
HFIbF RXZS LENGTH IQ1,600 
F-igure 3.6, NAWD Grating Role Projection, Grating Angle--56 -055 
Degrees. 38 ,45 ,50 ,  and 60 MM Dia Holes 
I I CENTER AT 
F i g u r e  17, MAWD C o l l i m a t i n g  M i r r o r  Hole S i z e  a n d  Loca tSon  
f o r  Double-Pass  Monochromator, N 
4 .0  TELESCOPE 
The te lescope  must be r e f l e c t i v e  and have an e f f e c t i v e  f o c a l  length of roughly 
125 mm. JPL requested f u r t h e r  t h a t  s e v e r a l  d i f f e r e n t  beam dev ia t ion  angles  be 
s tudied  f o r  t he  t e l e scope .  Since the  beam dev ia t ion  angle a f f e c t s  both the  
image q u a l i t y  of t h e  te lescope  a s  we l l  a s  i t s  compactness, t h ree  d i f f e r e n t  
beam dev ia t ion  angles  of 45", 67.5" and 90" were eventua l ly  ray t raced ,  and 
the  45" beam dev ia t ion  was se l ec t ed  a s  t he  f i n a l  des ign .  
Figure 18 i s  a  computer p l o t  of the  45" t e l e scope .  Table 54 descr ibes  i t s  
a x i s  systems and these  a x i s  systems apply a s  wel l  a s  f o r  the  67.5" and 90" 
t e l e scopes .  Table 55 g ives  t he  dimensional parameters f o r  the  45" t e l e scope .  
Figure 19 i s  an angular  image spot  diagram f o r  the  nine s t a r t i n g  po in t s  on t h e  
monochromator H en t rance  s l i t  shown i n  F igure  9 .  The one hundred ray f a m i l i e s  
which a r e  used from each of t hese  n ine  s t a r t i n g  po in t s  were used t o  ray t r a c e  
t h e  monochromator. 
Figure 20 i s  a  computer p l o t  of the  67.5" t e l e scope .  I t s  dimensional para-  
meters a r e  given i n  Table 56, and i t s  angular  image spot  diagram i s  g iven  i n  
F igure  21. 
Figure 2 2  i s  a  computer p l o t  of the  90" te lescope .  I t s  dimensional parameters 
a r e  given i n  Table 57, and i t s  angular  image spo t  diagram i s  g iven  i n  F igure  23. 
Figure 24 shows an angular  image spot  diagram f o r  the  90" te lescope  when the  
paraboloid primary mir ror  i s  changed t o  a  sphe r i ca l  mirror  with a  250.0 mm 
r ad ius  while a l l  o the r  th ings  remain unchanged. 
/ 
PARABOLOID 
MIRROR 
\ 
ENTRANCE SLIT 
'Y\kx5 
F i g u r e  18, MAWD Telescope--45 '  w i t h  P a r a b o l o i d  M i r r o r  and Scan  
M i r r o r  
(XoyYoJZo) Monochromator Entrance S l i t - -The  monochromator en t rance  s l i t  
l i e s  i n  the  Yo-Zo plane, and each family of rays used t o  ray-  
t r a c e  the  te lescope  s t a r t s  from a poin t  on the  monochromator 
en t rance  s l i t .  A l l  r ays  have been t raced  through the  te lescope 
t o  ob jec t  space.  I n  t h i s  manner, the  te lescope  i s  ray- t raced  
us ing  p r e c i s e l y  the  same ray  f ami l i e s  t h a t  a r e  used f o r  the 
monochromator. 
(X1,Y1,Z1) Telescope Op t i ca l  Axis--The te lescope  o p t i c a l  ax i s  a t  t h e  
monochromator en t rance  s l i t  i s  def ined by the  t e l e s c o p e ' s  
X - ax i s  which i s  p a r a l l e l  t o  the  monochromator's XI-axis,  but  1 
l a t e r a l l y  o f f - s e t  t o  t he  center  of the  e n t r a n c e - s l i t  a r e a .  
(X2,Y2,Z2) Mathematical Axis System. 
(X3,Y3,Z3) Paraboloid Primary Mirror--This mir ror  has a paraboloid 
r e f l e c t i n g  su r f ace  wi th  i t s  apex a t  the o r i g i n  of the 
(X3,Y3,Z3) a x i s  system, and i t s  focus on the  p o s i t i v e  Xg-axis.  
(X4,Y4,Zq) Mathematical Axis System. 
(X5,Y5,Z5) Scanning Mirror--This i s  a  r e f l e c t i n g  plane su r f ace  i n  t he  
X5-Z5 plane.  
(X6,Y6,Z6) Mathematical Axis System. 
(X7,Y7,Z7) Image Surface--This i s  a  plane t r ansmi t t i ng  su r f ace  i n  o b j e c t  
space which i s  i n  the Y7-Z7 p lane .  - 
Table 54,  Descript ion of Ray-Trace Axis Systems 
Used f o r  Telescopes 
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NOTE: All dimensions, are in mm except as noted 
Table 57. Dimensional Parameters for MAWD Telescope With 90' Beam Deviation 
YRX MIN 
ZETQ HRLF' R X I  S LENGTH 0.015 ZETR = 0.002 -0.002 SURFRCE NU. 
FrFI HRLF' RXI s LENC;'TH 0.01 s ETR = 0.012 . - 0 . 0 1 ~  3 
Figure 19. PXWD Telescope--45-Degree with P a r a b o l o t d  Mirror 
4-7 
PARABOLOID MIRROR 7 / 
ENTRANCE SLIT - 
\ t "" 
I 
SCANNING MIRROR 
F i g u r e  20, EUWD Telescope--67,50° w i t h  P a r a b o l o i d  M i r r o r  and 
Scan M i r r o r  
ZETA 
MBX M I  N 
Z%rR HRLF BXlS LENGTH 0.015 ZETR = 0.002 -0.002 SURFACE NO. 
ETA HRLF AXIS LENGTH 0.015 ETB = 0.013 -0.013 3 
Figure 21, lvVlWD Telescope--67,5-Degree with Paraboloid Mirror 
4 - 9 
,,/ 1 x3 
/ ENTRANCE S L I T  f 
PARABOLOID MIR 
- 100.0 4 I 
-200.0 -1bo.o (MILLIMETER) 0.0 
F i g u r e  22, MAW13 Telescope--90' .wi th  P a r a b o l o i d  Mirror artd 
S c a n  M i r r o r  
ETA 
MAX MIN 
ZETA HALF AXIS LENGTH 0.015 ZETA = 0.003 -0.003 SURFFICE NO, 
ETA HRLF AXIS LENGTH 0.015 ETR = 0.013 -0.013 3 
F i g u r e  2 3 .  PiViWD Telescope--90-Degree w i t h  Paraboloid Mirror 
4-11 
NBX .H%N 
ZETW HFILF WXIS LENGTH 0,050 ZETR = 0.055 -0.035 - - -  - -  - - -  
ETCl HRLF 64x1s LENGTH 0.050 ETR = 0.0163 -0.0161 
SURFRCE NO. 
3 
Figure 24, MAWD Telescope--90 Degree with Spherical Mirror 
5 .O OPTICS FOR NEON CALIBRATION SOURCE 
The o p t i c a l  system which has been designed f o r  neon c a l i b r a t i o n  sources i s  
ab l e  t o  image t h e  a r c s  of two i n - s e r i e s  neon sources i n t o  the  monochromator. 
F igure  25 i s  a  computer p l o t  of t h i s  o p t i c a l  system without  inc luding  a  beam- 
s p l i t t e r .  Table 58 i s  a  d e s c r i p t i o n  of t h e  a x i s  systems used f o r  the  r a y  
t r ace ,  and Table 59 i s  a  d e f i n i t i o n  of t h e  dimensional parameters used. 
For the  ray t r a c e  shown i n  Figure 25, t h r e e  f ami l i e s  of 4-rays each s t a r t  from 
t h e  following t h r e e  po in t s  on t h e  monochromator H en t rance  s l i t :  
Each of t h e  t h r e e  f ami l i e s  of four  rays a r e  such t h a t  they w i l l  i n t e r c e p t  t he  
fou r  corners  of t he  monochromator g r a t i n g .  
The two neon sources a r e  a t  t he  or ig ins  of t he  (Xq,Yh,Z4) and (X7,Y7,Z7) a x i s  
systems, r e s p e c t i v e l y .  Only an  X-Y view i s  seen i n  Figure 25, but  the maximum 
spread of a l l  Z4 o r  Z7 values a r e  never g r e a t e r  than k1.5 mm from the  c e n t e r -  
l i n e .  Therefore,  t he  neon a r c  need be no g r e a t e r  than  3 mm i n  diameter about 
t h e  Y4 o r  Y7-axis. 

Monochromator Entrance Sl i t - -The monochromator en t rance  s l i t  
l i e s  i n  the  Yo-Z, p lane,  and each family of rays  used t o  ray  
t r a c e  the  neon source o p t i c a l  system s t a r t s  from a  point  on 
monochromator en t rance  s l i t .  All rays  have been t raced  th ro  
t he  neon source o p t i c a l  system t o  two neon sources i n  s e r i e s  
In  t h i s  manner, t he  neon source o p t i c a l  system i s  ray- t raced  
using p r e c i s e l y  t h e  same ray  fami l ies  t h a t  a r e  used fo r  the  
monochromator . 
Opt i ca l  Axis of Neon Source Optics--The o p t i c a l  a x i s  of the  
neon source o p t i c s  a t  the  monochromator en t rance  s l i t  i s  
defined by t h i s  XI-axis,  which i s  p a r a l l e l  t o  t he  monochrom- 
a t o r ' s  XI-axis,  bu t  l a t e r a l l y  o f f s e t  t o  t he  c e n t e r  of t he  
e n t r a n c e - s l i t  a r e a .  
F i r s t  Sur face  of F i r s t  Lens--This i s  a  s p h e r i c a l  r e f r a c t i n g  
su r f ace  w i th  i t s  apex a t  t he  o r i g i n  of t he  (X Y Z ) a x i s  2, 2, 2 
system, and i t s  c e n t e r  i s  on the  negat ive  X2-axis.  
Second Surface of F i r s t  Lens--This i s  a  s p h e r i c a l  r e f r a c t i n g  
su r f ace  wi th  i t s  apex a t  the  o r i g i n  of t h e  (X3 Yg Z3) a x i s  
7 9 
system, and i t s  c e n t e r  i s  on the  p o s i t i v e  Xg-axis.  
F i r s t  Neon Source--The o r i g i n  of the  (X4 Y4 Z4) a x i s  system i s  
9 9 
a t  t he  c e n t e r  of t he  neon a r c .  The r ay - t r ace  image formed i n  
t h i s  a r c  i s  defined on the  t r ansmi t t i ng  Y4-Z4 p lane .  
F i r s t  Sur face  of Second Lens--This i s  a  s p h e r i c a l  r e f r a c t i n g  
su r f ace  wi th  i t s  apex a t  t he  o r i g i n  of t he  (X5,Y5,Z5) a x i s  
system, and i t s  cen t e r  i s  on the  negat ive  X5-axis.  
Second Surface  of Second Lens--This i s  a  s p h e r i c a l  r e f r a c t i n g  
su r f ace  w i th  i t s  apex a t  the  o r i g i n  of t he  (X Y Z ) a x i s  6 ,  6 ,  6  
system, and i t s  c e n t e r  i s  on the  p o s i t i v e  X6-axis. 
Second Neon Source--The o r i g i n  of the  (X Y Z ) a x i s  system 7,  7, 7  
i s  a t  t h e  cen t e r  of t h e  neon a r c .  The r ay - t r ace  image formed 
i n  t h i s  a r c  i s  defined on the  t r ansmi t t i ng  Y4-Z4 plane.  
Table 58. Description of Ray-Trace Axis Systems Used for 
Neon Source  O p t i c a l  System 

6 .0 INTENSITY CALIBRATION SOURCE 
The intensity calibration source is to be a small reflective integrating 
sphere containing several small tungsten lamps. The monochromator is to view 
uniformly illuminated walls within this integrating sphere during intensity 
calibration cycles. This integrating sphere is viewed by the monochromator 
whenever a small paraboloid mirror is moved into the telescope field of view 
at a location beyond the scanning mirror. 
Figure 26 is a computer plot of the intensity calibration optical system. 
Figure 26 includes the 45" paraboloid telescope mirror and the scan mirror, 
and is precisely the same as Figure 18 up through the (X6,Y6,Z6) axis system. 
Table 60 describes the ray trace axis systems used for the intensity calibra- 
tion optical system, and Table 61 defines its dimensional parameters. 
The upper view of Figure 26 uses two families of ten rays starting from 
entrance slit points (Yo = 2.00, Zo = 4.00) and (Yo = 5.00, Zo = 3.88) . The 
ten rays of each family will strike the grating in a line array between the 
points (Y3 = 50.0, Z3 = 0) and (Y3 = .-50.0, Z3 = 0). 
The lower view of Figure 26 uses two families of nine rays each having the 
same two entrance slit starting points, but which will intercept the gratings 
full 100 mm x 180 mm rectangular area. 
45O PARABOLOID 
PRIMARY MIRROR 
F i g u r e  2 6 ,  NAWD 45' P a r a b o l o i d  Te le scope  M i r r o r ,  Scann ing  M i r r o r ,  and 
P a r a b o l o i d  I n t e n s i t y  C a l i b r a t i o n  M i r r o r  
6 -2  
Monochromator En t rance  S l i t - - T h e  monochromator e n t r a n c e  s l i t  
l i e s  i n  t h e  Yo-Zo p lane ,  and each fami ly  of r a y s  used t o  r a y -  
t r a c e  t h e  t e l e s c o p e  s t a r t s  from a  p o i n t  on t h e  monochromator 
e n t r a n c e  s l i t .  A l l  r a y s  have been t r a c e d  through t h e  t e l e -  
scope t o  o b j e c t  s p a c e .  I n  t h i s  manner, t h e  t e l e s c o p e  i s  
r a y - t r a c e d  u s i n g  p r e c i s e l y  t h e  same r a y  f a m i l i e s  t h a t  a r e  
used f o r  t h e  monochromator. 
Telescope O p t i c a l  Axis--The t e l e s c o p e  o p t i c a l  a x i s  a t  t h e  
monochromator e n t r a n c e  s l i t  i s  d e f i n e d  by t h e  t e l e s c o p e ' s  
XI-axis which i s  p a r a l l e l  t o  t h e  monochromator's XI-axis,  
b u t  l a t e r a l l y  o f f - s e t  t o  t h e  c e n t e r  of t h e  e n t r a n c e - s l i t  a r e a .  
Mathemat ical  Axis Sys tem. 
Parabo lo id  Primary Mirror--This  m i r r o r  has  a  pa rabo lo id  
r e f l e c t i n g  s u r f a c e  w i t h  i t s  apex a t  t h e  o r i g i n  of t h e  
(X Y Z ) a x i s  system, and i t s  focus  on t h e  p o s i t i v e  X3-axis.  3 ,  3 )  3  
Mathemat ical  Axis Sys tem. 
Scanning Mirror- ,-This is  a  r e f l e c t i n g  p lane  s u r f a c e  i n  t h e  
Y5-Z5 p l a n e .  
Mathemat ical  Axis Sys tem. 
P a r a b o l o i d  C a l i b r a t i o n  Mirror--This  m i r r o r  has  a  p a r a b o l o i d  
r e f l e c t i n g  s u r f a c e  w i t h  i t s  apex a t  t h e  o r i g i n  of t h e  
(X7,Y7,Z7) a x i s  system, and i t s  focus  on t h e  p o s i t i v e  X7-axis .  
Image Surface--This  i s  a  p l a n e  t r a n s m i t t i n g  s u r f a c e  i n  t h e  
Y -Z p l a n e .  8 8 
Table  6 0 ,  D e s c r i p t i o n  of  Ray-Trace Axis S y s t e m s  Used for  
45" Telescope and C a l i b r a t i o n  Source O p t i c a l  
Systems 

SPECTRAL RADIANT FLUX TRANSFER 
The spectral radiant flux transferred from a uniform extended source through 
the MAWD telescope, scanning mirror, and monochromator and imaged on each 
detector is given by: 
N~(A v) TvAsAg (cos i) r 
P, = (watts) 
(F) 
where: 
(Av) = 
- 
- 
Tv = 
spectral radiancy of a uniform extended source in 
watt/~m2/cm'~-str. 
the monochromator spectral bandpass in cm- 1 
1.21 cm-1 for monochromator J 
.599 cm-I for monochromator H 
the spectral transmittance of all the optics from the 
source to the detector sensitive surface 
effective area of the entrance slit in cm2 
.0025 cm2 
area of the grating ruled area in cm 2 
180 cm2 
i = grating incident angle in degrees 
= 56.055", and cos i = .558 
F = focal length of monochromator collimator mirror in cm 
= 50 cm 
T = fractional chopper dwell time 
= .5 
The spectral transmittance of all optics TV can be expressed as follows: 
8 2 d 
T y  = ( R ~ V )  ( ~ 5 )  Ty, for monochromator H 
= ( ~ $ 1 ~  E$ ~ d y ,  for rnonochrornator J 
where : RE = t.he s p e c t r a l  r e f l ec t ance  of each mir ror  su r f ace  
= .98 
~g v = the spectral efficiency of the grating 
= .65 
T: = the spectral transmittance of the detector cover plate 
= .94 
so : T~ = (.98)* x (.65)2 x .94 
= .338 for monochromator H 
and : T~ = (.98)4 x .65 x .94 
= .563 for monochromator J 
Finally, for monochromator H 
= 10.2 x 10-6 N, (watts) 
and for monochromator J 
= 34.1 x 10-6 Ny, (watts) 
When component weight i s  no t  a  problem, t h e  i d e a l  ma te r i a l  from which t o  
cons t ruc t  both t h e  g r a t i n g  blank and t h e  co l l imat ing  mirror  i s  gene ra l ly  one 
of the  low expansion g l a s s e s  such a s  Cer-Vit of Owens-Ill inois,  #7971 g l a s s  of 
Corning Glass Works, o r  Ze ros i l  by Amersil, Inc . ,  e t c .  These low expansion 
g l a s s e s  a l ready  have a  low s p e c i f i c  g r a v i t y  which i s  roughly equal  t o  t h a t  of 
aluminum. The low expansion g l a s s e s  a l s o  a r e  easy t o  cu t ,  f i gu re ,  and po l i sh ,  
and they can provide super h igh  q u a l i t y  r e f l e c t i v e  s u r f a c e s .  They a r e  a l s o  
very s t a b l e  ma te r i a l s ,  u sua l ly  holding t h e i r  su r f ace  shape f o r  l i f e .  They 
a l s o  have been used succes s fu l ly  i n  many long du ra t ion  space f l i g h t s  through 
h igh  r a d i a t i o n  i n  space.  
I n  recent  years ,  t h e  need t o  bu i ld  s p e c i a l  l i g h t  weight o p t i c s  have c r e a t e d  
many design s t u d i e s  and new approaches t o  manufacturing o p t i c a l  mi r ro r s .  Some 
of the new approaches have been: 
(1) Pol ished Beryllium 
(2)  Nickel coated Beryllium 
(3)  Nickel coated aluminum 
(4) Thin electroformed p a r t s  
(5) Cored g l a s s  
(6) B u i l t  up g l a s s  
(7) Spec ia l  thinned shapes of g l a s s  o r  n i c k e l  coated metal 
Beryllium metal has  about 7 3  percent  t he  dens i ty  of t he  low expansion g l a s s e s .  
It has good thermal conduct iv i ty  and high s t r eng th ,  and high s t a b i l i t y  which 
make i t  a  good candida te  f o r  t he  l i g h t  weight g r a t i n g  blank and co l l ima t ing  
mi r ro r .  Beryllium mir rors  have been used successfu1l.y both with a  n i c k e l  
overcoat  and uncoated 9 ( 1  9 1 9 Beryllium does have a major disadvantage 
when used a s  a g r a t i n g  blank. I t s  thermal c o e f f i c i e n t  of expansion i s  s i m i l a r  
i n  magnitude t o  o p t i c a l  g l a s s ,  so thermal changes w i l l  cause wavelength e r r o r s  
produced by changes i n  the  groove spacing of t h e  g r a t i n g  on the  s u b s t r a t e .  
This e r r o r  can be s e v e r a l  decades g r e a t e r  than f o r  a near-zero expansion g l a s s  
s u b s t r a t e .  
Light weight aluminum s t r u c t u r e s  with n i c k e l  coa t ing  a r e  f ind ing  many app l i ca -  
t i o n s  (5) 3 (6) , (7) 7 ('1 . The aluminum mirror  approach i s  economical f o r  massive 
o p t i c s ,  bu t  i t s  dens i ty ,  thermal expansion, and long term s t a b i l i t y  charac-  
t e r i s t i c s  a r e  i n f e r i o r  t o  those of bery l l ium.  
Electroforming of t h e  o p t i c a l  sur faces  i n  t h i n  n i c k e l  sheets( ')  i s  s t i l l  
another  poss ib l e  approach. It would, however, be necessary t o  prove f i r s t  
t h a t  one could manufacture p a r t s  t o  the  requi red  accuracy, and second t h a t  
t he  p a r t s  a r e  mechanically s t a b l e  t o  f r a c t i o n s  of a f r i n g e  of l i g h t .  Nickel 
a l s o  has too  high a thermal expansion c o e f f i c i e n t  f o r  t he  g r a t i n g  blank.  
The b e s t  approach t o  a l i g h t  weight co l l imat ing  mir ror  and g r a t i n g  seems t o  
be the  cored o r  b u i l t  up s t r u c t u r e s  of low-expansion g lass (10) ,  (11)) ( I 2 ) ,  ( I 3 ) .  
These s t r u c t u r e s  a r e  now being manufactured with only 25 percent  t o  30 pe rcen t  
of t he  weight of t h e  s o l i d  blank, with apparent ly  t h e  same high o p t i c a l  q u a l i t y  
obtained with the  s o l i d  blank.  . 
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